Abstract: Forestry investment projects for the biomass production of the eucalyptus bole can be characterized by uncertain environments, which result in economic risk to the forest producer, however that can be measured by applying probabilistic techniques. This was our motivation and justification for analyzing the economic-financial viability of different silvicultural practices for eucalyptus bole biomass production under conditions of uncertainties, running Monte Carlo method for risk management. The experiment was carried out in the state of São Paulo, Brazil, using 5 treatments with spacings of 3 m × 2 m; 3 m × 1 m; 1.5 m × 2 m; 3 m × 0.5 m; and 1.5 m × 1.0 m, i.e., different spacings between planting lines and plants. These treatments were characterized as investment projects. To develop stochastic models, we relied on technical-economic deterministic variables. We evaluated the investment projects based on the cash flows under conditions of uncertainty, discounted at the attractiveness rate calculated by capital asset pricing model. With the results of these economic flows, the net present value, the modified internal rate of return and the profitability index values were estimated, commonly used in the analysis of investments in projects. The results showed that based on economic metrics, the three-year rotation cycle for forest stands for biomass production of the main bole of eucalyptus, with a spacing of three meters between rows and two meters between plants, had an 83% probability of economic success. The sensitivity analysis showed that the bole biomass of eucalyptus is the most important variable for determining the economic-financial feasibility of the investment project.
Introduction
In recent years, the Brazilian forestry sector, specifically in the production of forest biomass used as raw material for the generation of energy, has presented important advances that have contributed to forest improvement, with a view to the process of converting wood to energy, based on the triple bottom line.
In Brazil, a potential alternative energy source is biomass from forests, particularly from the genus Eucalyptus, which has several selected clonal stands for energy production [1] . The need for a biomass that is fast growing, relatively low cost, and highly productive has been the main motivation to explore the potential for bioenergy production from eucalyptus [2] .
However, if the bioenergy supply is not viewed from the perspective of the production process, some judgments about their economic value may be inaccurate [3] . Thus, understanding of the production system is necessary to seek opportunities while minimizing costs and ultimately maximizing
Materials and Methods

Study Stands
To measure the economic-financial risk intrinsic to the biomass production forestry projects of the main bole, the premise of the stochastic models is the construction of deterministic models from the technical-economic coefficients of a productive cycle from a clonal hybrid of Eucalyptus urophylla S. T. Blake (clone AEC 144). This hybrid stands out in short-rotation energy plantations in tropical climates, due to its high productivity [25, 26] . The short-rotation plantation was planted in the municipality of Borebi in the state of São Paulo, Brazil, located at 22 • 34 44" S and 48 • 57 58" W, at an altitude of 590 m above sea level. In this area, the predominant soil type is a red-yellow sandy phase latosol [27] . The average annual temperature is 22 • C, while relative total annual rainfall is 1355 mm.
Silvicultural System
The experimental area was prepared with a 40-cm deep furrow shank with the application of dolomitic limestone (1.5 t/ha) in continuous band placement. The eucalyptus seedlings were planted using manual seed introducers, without irrigation, due to the amount of rainfall during planting. At 30 days, survival was evaluated with total area count. After 42 days after planting, seedling mortality was assessed for the total area, and required the replanting of approximately 17% of the plants.
After the replanting, base fertilization with 300 kg/ha −1 of nitrogen, phosphorus, and potassium (NPK 06:30:06), 0.3% boron (B), and 0.3% zinc (Zn) was completed in small side pits according to the stand density. Cover fertilization was performed three and six months after planting, with a total of 250 kg/ha of NPK 19:00:19 per hectare according to the stand density.
The planning of the study was based on the establishment of mutually exclusive experimental plots, characterized as investment projects in forest stands for the biomass production of the main bole of eucalyptus. Thus, the choice of a project eliminates the possibility of implementing another concurrent project, even if all plots showed economic attractiveness [28] .
The production of wood is commonly evaluated by the volume of wood produced per unit area over a specified time period. Additionally, the choice of tree spacing may be a differential, and profits may be increased by decreasing harvesting age by using a short rotation [29, 30] . Thus, the investment projects had different spacing between planting lines and plants. The planting spacing was: Plot 1 (P1): 3 m × 2 m; P2: 3 m × 1 m; P3: 1.5 m × 2 m; P4: 3 m × 0.5 m; P5: 1.5 m × 1.0 m. Therefore, the number of plants in the forest stands per financial investment project were 1667 (P1), 3333 (P2 and P3), and 6667 (P4 and P5) per hectare, requiring a total area of 0.7 hectares. The bole biomass (dry weight, in ton/ha) was obtained in the time limit for short rotation forestry, i.e., 36 months after planting at cutting age, from the determination of the basic density of the wood, according to Barbosa and Breitschaft [31] .
Experimental Design
The experiment was carried out using a split plot design, with 4 blocks and 5 treatments. The treatments with a spacing of 3 m between rows formed a plot and the treatments with a spacing of 1.5 m between rows formed the other plot within each block. In the treatments with 3 m between lines, 100 cuttings were planted per treatment (10 cuttings per row × 10 rows) in each block and in the treatments with 1.5 m between lines 152 cuttings were planted per treatment (8 cuttings per row × 19 rows) in each block, adding up to 2416 plants in an area of 7080 m 2 (120 m × 59 m).
Economic-Financial Analysis
The economic analysis was computed from the outflows of cash and the revenue, or inflow of cash, generated in the last year of the project, assuming a financial investment lifetime of three years. The outflows of cash included the cost of cultivation and maintenance of the forest stand that was proportionally modified according to the level of the operations required for the forestry production.
The biomass price (USD/m 3 ) was obtained from the historical eucalyptus wood prices for energy received by the rural producers in São Paulo State between January 2011 and September 2017, according to information from the Agricultural Economics Institute [32] . The average land value for reforestation (2774.95 per hectare) in the studied region was used as the basis for the estimation of land remuneration, according to data provided by the Agricultural Economics Institute [33] and using the discount rate of investments. These nominal prices were deflated based on the respective weighted periods, through the National Broad Consumer Price Index (IPCA), according to the Central Bank of Brazil [34] .
Therefore, to determine the discount rate for the measurement of investment proposals [35] , the capital asset pricing model (CAPM) model was adopted, which, according to Villadsen et al. [36] , estimates the cost of capital as the sum of a risk-free rate and a premium for the risk of the particular security. Formally, it is defined by:
where K is the risk-adjusted discount rate; R F is the risk free rate (three year T-Bills rates); β is the systematic risk of the forest products industry; R M is the expected return assumed to be the forest products industry; (R M − R F ) is the risk premium; and α BR is the country risk premium.
Quantitative Methods of Investment Analysis
We considered quantitative methods of investment analysis which take into account the discounted cash flows, therefore, the amounts were updated to the present date through the discount rate. We used the net present value (NPV) to determine the most attractive option. So, the merit of the project is measured considering its contribution to the creation of economic value [37] , which is defined as:
where NPV is the net present value (USD/dry ton/ha); n is the duration of the investment project; j is the time period in which costs and revenues occur; CF j is the cash flow for j periods; i is the interest rate; and I 0 is the deployment costs processed at time zero. As investment projects in forest stands have unconventional cash flows, the profitability of these projects was analyzed based on the modified internal rate of return (MIRR). This method is achieved by adding all the positive interim cash flows to the end of the project lifecycle and discounting all the negative interim cash flows to the beginning of the project life cycle [38] . Notably, MIRR was developed by Duvillard in 1787 [39] , expressed as:
where MIRR is the modified internal rate of return (%); i r is the reinvestment rate; i f is the reinvestment financing; REV is the revenue (positive net value, in each period "j" of cash flow); and C j is costs (negative net value, in each period "j" of cash flow). Due to the possibility of using different rates for cash flows with positive and negative values, it was adopted as reinvestment rate of a historical series of income credited to the Total Savings Account between 1 February 2006 and 18 September 2017. To determine the rate of financing used to decapitalize the negative cash flows (non-conventional cash flow), we considered data from the economic-financial time series referring to the rate of the Special Clearance and Escrow System (SELIC) observed between January 2006 and August 2017. Both series are available from the Central Bank of Brazil [40] .
The profitability index (PI) developed by Reul [41] describes the efficiency of invested capital through benefit-cost ratio [42] and is a measure of profitability considered the most appropriate for comparing investment projects [43, 44] , calculated from:
Risk Analysis
The mathematical model includes deterministic and dynamic variables. The deterministic variables were bole biomass (dry ton/ha), deployment costs (USD/ha), cultural treatment costs for 1st year (USD/ha), cultural treatment costs for 2nd year (USD/ha), administration costs (USD/ha), and land remuneration (USD/ha). Due to lack of information for these variables, we assumed the distribution followed a symmetrical triangular distribution [45] [46] [47] [48] . The probability distribution is the building block for risk models that calculates the probability distribution of output random variables based on the probability distribution of input random variables [49] . Therefore, a variant of ±15.0% of the deterministic values was delimited, based on the opinion of forestry experts.
Dynamic variables that consider time-varying [50] were biomass price (USD/m 3 ), rate of financing (%), and interest rate (%) decomposed using trending [51] . The integrated autoregressive moving averages (ARIMA) process (p.d.q.) [52] was used because this mathematical model allows us to describe the behavior of the stationary and non-stationary series and, based on this behavior, to make future forecasts. This gives versatility to a variety of situations [53, 54] , with the statistical model criteria selected by the Bayesian Information Criterion (BIC), successfully employed for model selection and hypothesis testing procedures [55] .
As for the output variables of the stochastic models (probabilistic variables), we applied the three quantitative methods of investment analysis mentioned above. In this study, the sensitivity analysis was based on the correlation coefficients proposed by Franzblau [56] of the deterministic and dynamic variables that most influence the NPV of each financial investment project. The NPV can be considered as one of the preferred methods for financial feasibility studies of investment projects, which is determined to take into account the intrinsic uncertainties of these projects, allowing quantification of the risks that can affect the results of the evaluation. In addition, the NPV probabilistic value is used as the key output variable to compare and rank the scenarios, as it summarizes the economic feasibility of the business across a multiple-year planning horizon [57, 58] .
The simulations, the descriptive statistics of the data and Spearman coefficient, used to verify the interrelationship of the input variables, were obtained through @Risk 7.5.2 software (Copyright © 2017 Palisade Corporation, Ithaca, NY, USA) [59] . The software was used to generate 100,000 pseudorandom numbers with probability distribution using Monte Carlo method. The default of the random number generator of the @Risk was the Mersenne Twister proposed by Matsumoto and Nishimura [60] as a strong uniform pseudorandom number generator, ensuring the same initial parameter for all investment projects in the forest stands for biomass production of the main bole of eucalyptus.
Results
From the bole biomass obtained 36 months after planting and the triangular distribution, the descriptive measures were obtained for each project in the forest stands ( Table 1 ). The highest modal value of the bole biomass, that is, the most frequently observed value in a dataset, was obtained in P4, although the number of trees per hectare in P4 and P5 projects was identical (6667). The return required for investment projects based on CAPM considered the 1.5% risk-free interest rate issued by the US Treasury Department for the 3-year period, the weighted coefficient β e = 0.82 for forest products industries and Brazil's risk premium of 3.46%, obtained from Damodaran [61] ; the market risk premium is assumed to be the S & P Global Timber & Forestry Index for the same period, which provides an annualized return of 6.48%. From those values, it was possible to determine the return on risk-free assets, that is, the cost of equity, of 9.04%. The reinvestment rate projected to reapply positive cash flows used was 7.5% per year and the financing rate used to raise funds, due to negative cash flows over the useful life of the investments, was 13.8% per year.
The intrinsic modal values of the cost of cultivation (USD/ha) of the forest stand, delimited by the investment projects (Table 2 ), were modified due to the spacing required by distinct silvicultural practices, mainly due to the number of forest seedlings. The costs of seedlings and fertilizers represented the highest percentages in the total costs of cultivation, averaging 21.2% and 28.4%, respectively. Regarding the price of land for the region of this study, the stochastic analysis of the time series estimated the value of USD2126.78 per hectare. The biomass price, measured over a period of 69 months, allowed us to estimate the price at 30.76 USD/dry ton, thus making it possible to calculate the gross revenue generated for each experimental plot and, consequently, the NPV. For clarity, only five stochastic variables with the largest influence on the NPV are presented in Figure 1 . Consequently, those not shown had negligible correlation coefficients. The bole biomass is the stochastic variable that most impacted the NPV because it presented a moderate correlation coefficient (<0.7) for the financial investments P5 and correlation coefficients considered strong (0.7 < |r| < 0.8) for the other investments. The return required for investment projects based on CAPM considered the 1.5% risk-free interest rate issued by the US Treasury Department for the 3-year period, the weighted coefficient = 0.82 for forest products industries and Brazil's risk premium of 3.46%, obtained from Damodaran [61] ; the market risk premium is assumed to be the S & P Global Timber & Forestry Index for the same period, which provides an annualized return of 6.48%. From those values, it was possible to determine the return on risk-free assets, that is, the cost of equity, of 9.04%. The reinvestment rate projected to reapply positive cash flows used was 7.5% per year and the financing rate used to raise funds, due to negative cash flows over the useful life of the investments, was 13.8% per year.
The intrinsic modal values of the cost of cultivation (USD/ha) of the forest stand, delimited by the investment projects (Table 2 ), were modified due to the spacing required by distinct silvicultural practices, mainly due to the number of forest seedlings. The costs of seedlings and fertilizers represented the highest percentages in the total costs of cultivation, averaging 21.2% and 28.4%, respectively. Regarding the price of land for the region of this study, the stochastic analysis of the time series estimated the value of USD2126.78 per hectare. The biomass price, measured over a period of 69 months, allowed us to estimate the price at 30.76 USD/dry ton, thus making it possible to calculate the gross revenue generated for each experimental plot and, consequently, the NPV. For clarity, only five stochastic variables with the largest influence on the NPV are presented in Figure 1 . Consequently, those not shown had negligible correlation coefficients. The bole biomass is the stochastic variable that most impacted the NPV because it presented a moderate correlation coefficient (<0.7) for the financial investments P5 and correlation coefficients considered strong (0.7 < |r| < 0.8) for the other investments. Only the P1 and P2 investment projects ( Figure 2 ) had cumulative probability distribution functions in between 74.4% and 61.4%, respectively, meaning they add economic value to the eucalyptus main bole biomass production investment projects. The modal NPV values were are 234.02 USD/dry ton/ha and 212.04 USD/dry ton/ha, with a risk of loss of 20.6% and 30.9% for P1 and P2, respectively.
When analyzing P3, the project presents a relative risk, since the probability of earning a profit in relation to the investment realized is 64.9%, with a modal NPV value of (166.53 USD/dry ton/ha). The P4 investment project has an extremely high probability (93.5%) of an NPV less than zero. Following this perspective, the negative modal NPV value (781.83 USD/dry ton/ha) is not enough to offset the expenses incurred. As for P5, the probability of a positive NPV is zero (0.0%). Only the P1 and P2 investment projects ( Figure 2 ) had cumulative probability distribution functions in between 74.4% and 61.4%, respectively, meaning they add economic value to the eucalyptus main bole biomass production investment projects. The modal NPV values were are 234.02 USD/dry ton/ha and 212.04 USD/dry ton/ha, with a risk of loss of 20.6% and 30.9% for P1 and P2, respectively.
When analyzing P3, the project presents a relative risk, since the probability of earning a profit in relation to the investment realized is 64.9%, with a modal NPV value of (166.53 USD/dry ton/ha). The P4 investment project has an extremely high probability (93.5%) of an NPV less than zero. Following this perspective, the negative modal NPV value (781.83 USD/dry ton/ha) is not enough to offset the expenses incurred. As for P5, the probability of a positive NPV is zero (0.0%). Only the projects P1 and P2 have a higher MIRR (Table 3) than CAPM, which represents the rate of return on capital used to evaluate financial investment projects. It should be emphasized that there exists a probability of 16.3% and 26.6%, respectively, to be less than this discount rate, unlike P3, P4 and P5 projects, which have risks greater of 60% of MIRR not exceeding CAPM. Table 3 . Descriptive measures of the modified internal rate of return (MIRR) of the investment projects in forest stands used for the biomass production of the main bole of eucalyptus. The modal PI values of P1 and P2 have the respective probability of 85.4% and 77.5%, meaning these projects can add value to the forest producer. P3, P4, and P5 projects, after analysis, are not economically feasible, as the modal values of the obtained indexes were less than 1.0 (Table 4) . Table 4 . Descriptive measures of the profitability index (PI) of investment projects in forest stands used for the biomass production of the main bole of eucalyptus. 
Descriptive
Discussion
The productivity of commercial reforestation with eucalyptus, for the biomass production of the main bole, is premised on the spatial distribution of the trees, which determines the volume of wood harvested and the cost of cultivation. Given this perspective, the smaller distance between trees (P4) provided the largest main bole biomass volume. Only the projects P1 and P2 have a higher MIRR (Table 3) than CAPM, which represents the rate of return on capital used to evaluate financial investment projects. It should be emphasized that there exists a probability of 16.3% and 26.6%, respectively, to be less than this discount rate, unlike P3, P4 and P5 projects, which have risks greater of 60% of MIRR not exceeding CAPM. The modal PI values of P1 and P2 have the respective probability of 85.4% and 77.5%, meaning these projects can add value to the forest producer. P3, P4, and P5 projects, after analysis, are not economically feasible, as the modal values of the obtained indexes were less than 1.0 (Table 4) . 
The productivity of commercial reforestation with eucalyptus, for the biomass production of the main bole, is premised on the spatial distribution of the trees, which determines the volume of wood harvested and the cost of cultivation. Given this perspective, the smaller distance between trees (P4) provided the largest main bole biomass volume.
The cultivation costs included all costs associated with growing the energy crop [62] . Therefore, the highest cultivation costs were obtained for P5 USD3793.17 and P4 USD3621.65. These higher costs were due to the combination of the higher number of seedlings and the greater soil disruption (subsoiling), which was twice as high compared to projects with a 3-m spacing between rows. Although the density of plants was the same, the spatial arrangement was different. So, in project P4, the line spacing, which was the subsoiling activity, was 3 m, whereas, in project P5, the subsoiling was performed every 1.5 m, increasing the cost of soil preparation, and consequently increasing the cost of reforestation.
The Spearman coefficient is usually used to quantify how well two columns of data monotonically depend on each other, meaning the coefficient determines the degree to which each of the variables is correlated with the factor that is common to all variables in the analysis [63, 64] , i.e., the correlation study indicates the relationship between two monotonic variables. The resultant values will always be between +1 and −1. In addition, the signal will designate the direction of the correlation as either positive or negative.
For P1, the biomass price contributed to 66.9% of the NPV variance, yet for P2, P3, P4 and P5 the contribution was 65.7%, 63.6%, 58.7% and 51.4%, respectively, contributing positively to the NPV, with correlations between 0.69 and 0.80. The deployment costs had a strong negative effect on P5, contributing to 27.7% of the NPV variance; furthermore, for P1, this contribution was 5.3%, considered a weak correlation (−0.23), corroborating the significance of this cost in the economic-financial viability of the investment project.
The NPV is a coefficient that determines the merit of the project; once NPV is estimated at a discount rate that corresponds to the cost of capital, the value expressed in monetary units will reflect the added economic value of the project. However, due to the uncertainties of the variables necessary for the calculation of VPL, intrinsic risks usually exist. This condition influences the decision-making, which is based on the risk aversion level of investors [65, 66] . As NPV determines which project will be accepted from mutually exclusive projects [67] , P4 and P5 must be discarded due to their lack of potential for profit.
Because this method reapplies the investment rate to positive cash flows that normally occur with the revenues generated by the sale of the forest biomass, and uses a rate of funding to raise funds at times when the fund is obtained from negative cash flow during forest implementation, this method results in more plausible rates in accordance with the economic reality being analyzed.
Thus, the bole biomass stochastic variable contributed to 63.9% and 60.4% of the MIRR variance for P1 and P2, respectively. The probability of P3 having a MIRR higher than CAPM was 9.9%, so this project has little chance of economic success. The results of the simulation also showed that P4 and P5 have no probability of economic financial feasibility, as the sum of the cash flows were lower than the investments.
The biomass forest stochastic variable positively contributed to the PI, as demonstrated for NPV and MIRR. Thus, this variable was responsible for 65.8% and 64.8% of the total variability of MIRR for P1 and P2, respectively. The main variable that explained the variability of the simulated data for this quantitative method of financial investment analysis was the biomass forest stochastic variable. The profitability index was computed as the quotient of the present value of a project, discounted expected future cash flows (numerator), and its initial outlay (denominator).
Notably, the investment projects in forest stands planted for the biomass production of the main bole of eucalyptus were classified as mutually exclusive. In addition, the projects had differences in the scales of the investments. Therefore, as only P1 and P2 were deemed economically feasible, choosing the project with which to proceed was easy, since the NPV, MIRR, and PI results indicated P1 was the best project, having a more attractive NPV, a better rate of return, and greater profitability.
Conclusions
According to our observations, the bole biomass production using the conventional planting arrangement (P1 with 3 m × 2 m spacing) harvested at 36 months is the most economically attractive. As the investments were classified as mutually exclusive, the others should be discarded. Although net present value results in an absolute value, the feasibility of P1 was confirmed by the modal value of the modified internal rate of return, which was 3% higher than risk-adjusted discount rate, and the forest producer could obtain a return of USD0.28 for each U.S. dollar invested. The net present value and Profitability index simulation results showed that the probability of economic-financial success for this project was 83%, allowing us to infer a low expectation of financial loss. For this percentage of success, bole biomass was the second most important stochastic variable of this project, with the significance of 25.2%. However, the financial investment with a dense planting arrangement (1.5 m × 1.0 m) in P5, resulted in a high risk to the forest producer due to the null probability of obtaining financial returns. Although the amount of bole biomass was 13% higher compared to the bole biomass of P1, it did not sufficiently compensate for the costs of cultivation and the investment. Notably, we considered only one production cycle, so the results obtained may be different if these same arrangements were applied to two or three productive cycles in the silvicultural system of coppice (sprouting).
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